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ABSTRACT

Vertical velocities are deduced from two successive geopotential fields by means of a simplified vorticity equa-

tion.
cipitation.

INTRODUCTION

The computation of vertical velocity is an essential
part of the problem of forecasting precipitation. In the
preliminary exploratory phase of this investigation {1, 2],
8 precipitation model was developed relating the amount
of precipitation to the fields of moisture and vertical
velocity. Vertical velocities were computed by integrat-
ing with height the horizontal divergence of observed
winds determined by a triangulation technique suggested
by Bellamy [3]. Although the vertical velocities obtained
by this kinematic method showed skill in delineating the
areasover which precipitation occurred, the method islimit-
ed to a contemporary computation of precipitation since
“true” winds are needed and forecasting these is at least as
difficult as forecasting precipitation itself. In an attempt
to obtain vertical velocities from a single geopotential field,
various winds were derived—geostrophic and gradient
winds using contour spacing and curvature, and gradient
winds computed from a cubic surface fitted to reported
heights; the resulting horizontal divergence and vertical
velocities calculated from these winds were found to give
insufficient information for computing precipitation.

These velocities are used in a model described in earlier papers in this series to compute contemporary pre-
Charts comparing computed with observed precipitation are shown.

However, if one considers two successive geopotential
fields, it is possible to deduce vertical velocities from
changes in the vorticity of the geostrophic wind. The
purpose of the present investigation was to study the
usefulness of such wvertical velocities in predicting pre-
cipitation.

COMPUTATION OF VERTICAL VELOCITY

The idea of using the vorticity equation to compute
vertical motion is not & new one and has been advanced
by several authors. The development used in this study
is very similar to that given by Eliassen and Hubert [4]
and consequently will be discussed only briefly here.

Using pressure as the vertical coordinate, the vorticity
equation may be written

35N -V 5?74- " 3P 1
where 9 denotes absolute vorticity (vertical component), V
and Vare vectors in a constant pressure surface, p is pressure
and o is the individual rate of change of pressure (=%>

Frictional influences and the turning of the vortex lines are

1 Present address: Department of Meteorology, University of Wisconsin, Madison, Wis.
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neglected. Neglect of the latter probably causes serious er-
rors in small highly baroclinic areas, for example, near strong
frontal regions. However, including these terms would
have added considerably to the already enormous com-
putations and they are therefore omitted.

Dividing through by #? and rearranging, equation (1)

may be written
o ()"

This can be integrated to obtain

CYREC I L i

Evaluating the integral by the trapezoidal rule gives
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Thus, given the vorticity and its changes at various levels

+V Vn
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and w at the lower boundary, we can obtain -:-';—: and thus o,

at any level. For instance, at 850 mb.,
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Using the hydrostatic equation, an approximate rela-
tionship can be derived between « and w, the vertical
velocity, using height as a vertical coordinate.

dz w

where p is the density of air and ¢ is the acceleration of
gravity.

Vorticity was computed for four levels (1,000, 850, 700
and 500 mb.) by a graphical procedure described by
Fjgrtoft [5]. Briefly, the method is to shift the contour
field a specified distance east and west and north and
gouth and obtain a space-averaged contour field. Sub-
tracting from this the original contour field gives a
quantity proportional to the relative vorticity. Absolute
vorticity, or more precisely a parameter roughly propor-
tional to the absolute vorticity, is obtained by graphically
adding in a term which is a function of latitude. The
mesh length used was six degrees of latitude as suggested
by Fjgrtoft. Various other mesh lengths were tried but
this one gave what was considered to be the best degree
of smoothing.
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Suceessive charts, 12 hours apart, were subtracted -

to obtain g—tn Since the quantity obtained was a 12-

hour average rather than an instantaneous value, all -
other parameters were averaged over the 12-hour period, .
The advection of vorticity, Y-V, was computed graph- -
ically and the values at the beginning and end of the
12-hour period were averaged.

These quantities were combined by graphical methods
and integrated vertically as indicated by equation (3)
to obtain vertical velocities at 850, 700, and 500 mb.
These velocities were considered to be the mean for the
12-hour period. A typical set of isanabats for 0300-1500
eMT, January 3, 1953, is shown in figure 1B, C, D. The
associated sea level chart for 0630 emrt is shown in
figure 1A.

Two sets of computations were made, one by assuming -
that w==0 at 1,000 mb. which was assumed to be the surface -
pressure, and the other by introducing at the ground a .
topographically induced vertical motion. This was com-
puted assuming ’

w1m=V-Vh (5)

where % is the height of the ground. Surface contours
used were from a chart of smoothed broad-scale topog-
raphy by Smagorinsky [6]. For the ‘“advecting” wind, °
both observed ‘“gradient level” winds and geostrophic
winds at 850 mb. were used with substantially similar
results. Topographic vertical velocities obtained at the
beginning and end of a 12-hour period were averaged to
give a value consistent with the average velocities de- -
duced from equation (3). Figure 2 shows the vertical
velocity fields computed for 0300-1500 amr, January 3,
1953, taking into account the forced orographic ascent.
This can be compared with figure 1, the results assuming
a vertical velocity of zero at the surface. The flow was
approximately from the northwest resulting in upward
velocities on the western slopes of the Appalachians and
downward velocities toward the east (fig. 2A). The .
effect of topography shows up most pronouncedly at the
850-mb. level where the isanabats are distorted north
and southward along the mountain ridges.

COMPUTATION OF PRECIPITATION

Given the fields of vertical velocity and moisture, the
amount of precipitation that will result in a 12-hour
period was shown by Thompson and Collins [1] to be

P=3{Mw—0.28(T— Tyl Az} (6)

where the atmosphere is divided into a number of layers
and P, the 12-hour amount of precipitation, is the sum-
mation of the contributions of the various layers. For
this present study three layers, approximately centered
at 850, 700, and 500 mb. were used. In equation (6)
I is a function of pressure and temperature, (T'— 1Y) is the
dewpoint depression in degrees Celsius and Az is the thick-
ness of the layer. As described by Kuhn [2], this equa-
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¥16URE 1.—(A) Surface chart, 0630 M, January 38,1853, (B, O, D) Mean vertical velocity (cm. sec.~1), 03001500 GMT, January 8, 1963, for 850, 700, and 500 mb., respectively. Positive
values indicate ascent.
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FI0URE 2.—Maoan vertical velocity including topographic effects, 0300-1500 GmT, January 3, 1953 for (A) 1,000 mb., (B) 850 mb., (C) 700 mb., (D) 500 mb. Positive values indicate :
ascents
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F16URE 3.—~Observed precipitation (shaded) superimposed on (A) computed precipitation not including topographic effects (horizontal hatching), and (B) computed precipitation
including topographic effects (diagonal hatehing). 0300-1500 oMmT, January 2, 1953.

."TI6URE 4 —Ohserved precipitation (shaded) superimposed on (A) computed precipitation not including topographic effects (horizontal hatching), and (B) computed precipitation
including topographic effects (diagonal hatching), 1500 amr, January 2-0300 GMT, January 3, 1953,
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F1aURE 5.—~Observed precipitation (shaded) superimposed on (A) computed precipitation not including topographic effects (horizontal hatching), and (B) computed precipitation
including topographic effects (diagonal hatching). 0300-1500 oMT, January 3, 1953,
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F100RE 6.~~Observed precipitation (shaded) superimposed on (A) computed precipitation not including topographic effects (horizontal hatching), and (B) computed precipitation
including topographie effects (diagonal hatching). 1500 oMT January 3-0300 oMt January 4, 1953,



JuLy 1954 MONTHLY WEATHER REVIEW 179

R Y
SN

90 90* 80

FioUBE 7.—Observed precipitation (shaded) superimposed on (A) computed precipitation not including topographic effects (horizontal hatching), and (B) computed precipitation
including topographic effects (diagonal hatching). 0300-1500 aM7, January 4, 1083,
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FrouRx 8.—Observed precipitation (shaded) superimposed on (A) computed precipitation not including topographic effects (horizontal hatching), and (B) computed precipitation
including topographic effects (diagonal hatching)., 1500 oMT January 4-0300 oMT January 5, 1953.
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FIGURE 9.—Observed precipitation (shaded) superimposed on (A) computed precipitation not including topographic effects (horizontal hatching), and (B) computed precipitation
including topographic effects (diagonal hatching), 0300-1500 6MT, January 5, 1053,
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FIGURE 10.—Observed precipitation (shaded) superimposed on (A) computed precipitation not including topographic effects (horizontal hatching), and (B) computed precipitation
including topographic effects (diagonal hatching). 1500 6MT, January 5-0300 6MT, January 6, 1953,
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FiURE 11.—Observed precipitation (shaded) superimposed on (A) computed precipitation not including topographie effects (horizontal hatching), and (B) computed precipitation
including topographic effects (diagonal hatching). 0300~1500 6MT, January 6, 1953.
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F1ouRE 12.—Observed precipitation (shaded) superimposed on (A) computed precipitation not including topographic effects (horizontal hatching), and (B) eomputed precipitation
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including topographic effects (diagonal hatching). 1500 oMT, January 6-0300 6MT, January 7, 1953.
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tion can be evaluated graphically to give a quantitative
precipitation forecast. For this experiment, however,
only the boundary of precipitation (P=0.01 inch) was
computed.

IDISCUSSIONECF RESULTS

The period chosen for the computations, 0300 amT,
January 2, 1953, through 0300 emT, January 7, 1953,
provided the movement through the eastern half of the
United States of two broad-scale storm systems with
their associated well-defined precipitation patterns.

The results of the ten computations in this period are
compared qualitatively in figures 3 to 12 with the ob-
served precipitation.

Verification on a rain, no-rain basis was made at 73
points, corresponding to selected first-order stations east
of 100° W. longitude. The results are shown in table 1.

TaBLe 1.—Verification of rain, no-rain compuiations at 73 poinis,

Jan. 2-7, 1953
12 hours beginning ‘Without orographic lift ‘With orographie lift

RN NR %|RR NN RN NR %
14 78| 18 39 14 2 78
[ 8 81| 14 46 5 8 82
8 9 771 22 385 10 6 78
2 8 86 8 56 8 88
17 6 69 9 42 16 6 70
13 5 75 9 49 10 5 80
18 4 74 7 45 18 3 7N
21 1 70 13 38 23 1 67
13 9 70| 13 36 15 9 67
8 6 81| 12 48 6 7 82
117 88 76 1125 432 118 55 76

Notes:
RR: Rain computed, rain observed.
NN: No rain computed, no rain observed.
RN: Rain computed, no rain observed
NR: No rain computed, rain observed
gufn defined as 0. 01 !ncb precipnat!on or more.)
Percentage correct.

During the first 48 hours and again during the last 12
hours, when well-defined systems were moving across the
eastern United States, agreement between computed and
observed precipitation was good. During the middle
period, when there was no dominant surface storm center
over the area, the method tended to overforecast badly
and scores dropped. Taking into account the evaporation
of the falling precipitation, which has been neglected,
would tend to counteract this and improve the verifica-
tion. Inclusion of topographic effects improved the
method slightly, particularly during those periods when
a well-defined storm center was the dominant feature.
During such periods surface winds are stronger, producing
larger vertical velocities at the ground which can make an
appreciable contribution to precipitation.

Results were slightly but not significantly better than
those of [2], which used the horizontal divergence of ob-
served winds, smoothed horizontally, to compute vertical
velocity.
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CONCLUSIONS

The degree of correspondence between the computed
and the observed precipitation areas suggests that
vertical velocities can be deduced from vorticity changes
by this graphical technique with considerable skill.
This technique is too laborious for use in day-to-day
forecasting, particularly when one considers that the baro-
clinic models (e. g. [7]) used in numerical weather predic-
tion yield vertical motion as one of the prognostic elements.

An improvement in results might be expected if the
time interval over which the vorticity changes are com-
puted were reduced to one or at most a few hours rather
than 12 hours. This is borne out by the fact that when
the pressure systems, and thus the vorticity patterns,
were well-defined and large in extent, so that an average
of the values at the beginning and end of the time period
fairly well approximated the true mean value, the compu-
tations were fairly good.

This study gives a preliminary indication of the extent
to which the vertical motion associated with large-scale
circulations can explain precipitation patterns. However,
observed precipitation patterns are of smaller scale than
those computed, resulting from the superposition upon
the large-scale flow of smaller-scale features, such as
convection cells. These small-scale processes should now
be studied and it is hoped that analysis of the errors in
these ten cases will yield information on the relationships
between the large-scale flow and the small-scale phe-
nomena.

REFERENCES

1. J. C. Thompson and G. O. Collins, “A Generalized
Study of Precipitation Forecasting. Part 1: Com-
putation of Precipitation from the Fields of Moisture
and Wind,” Monthly Weather Review, vol. 81, no. 4,
April 1953, pp. 91-100.

2. P. M. Kuhn, “A Generalized Study of Precipitation
Forecasting. Part 2: A Graphical Computation of
Precipitation,” Monthly Weather Review, vol. 81, no.
8, August 1953, pp. 222-232.

3. J. C. Bellamy, “Objective Calculations of Divergence,
Vertical Velocity, and Vorticity,” Bulletin of the
American Meleorological Society, vol. 30, no. 2, Feb.
1949, pp. 45-49.

4. A. Eliassen and W. E. Hubert, ‘“Computation of
Vertical Motion and Vorticity Budget in & Blocking
Situation,” Tellus, vol. 5, no. 2 May 1953, pp. 196~
206.

. R. Fjgrtoft, “On a Numerical Method of Integrating
the Barotropic Vorticity Equation,” Tellus, vol. 4,
no. 3, August 1952, pp. 179-194.

6. J. Smagorinsky (Unpublished manuscript, available

Institute for Advanced Study, Princeton, N. J.)

7. J. G. Charney and N. A. Phillips, “Numerical Integra-
tion of the Quasi-geostrophic Equations for Baro-
tropic and Simple Baroclinic Flows,” Journal of
Meteorology, vol. 10, no. 2, April 1953, pp. 71-99.

()]



